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ore tailings dam owned by the mining company Samarco, aIntroduction
On 5 November, 2015, Brazil watched one of the worst envi-
ronmental disasters in its history unfold. A wave  of mud
buried Bento Rodrigues, a village in the municipality of Mar-
iana, located in the Espinhac¸o Mountains in the state of
Minas Gerais (Escobar, 2015). Sixty-two million m3 of sludge
overwhelmed houses and the historical, cultural and natural
heritage of the village, leaving 19 dead, 3 missing and over 600
homeless. On its way to the Atlantic Ocean, the wave  of mud
reached the Rio Doce (literally “Fresh” or “Sweet River”) – a
major drainage of the Southeastern Atlantic hydrogeographic
region, which provides key ecosystem services to part of the
country’s most populous and industrialized region. It is also
one of the main rivers to supply water and nourishment to
the endangered Atlantic Forest. The disaster instantaneously
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article  under the CC BY-NC-ND license (http://creativecommons.org/liccaused the turbidity of the Rio Doce to reach a level 12,000
times higher than that allowed for consumption, and the oxy-
gen level to suddenly drop below 1 mg/L (IGAM 2015), causing
the death of several tons of ﬁsh and many  other living orga-
nisms. Forty-one municipalities in the states of Minas Gerais
and Espírito Santo were affected by the disaster and hundreds
of thousands of people were left without access to clean water.
The harm done to biodiversity has yet to be precisely esti-
mated, but various institutes and scientists decreed the death
of the Rio Doce along its ∼600 km.  The mud reached the
Atlantic Ocean on 22 November, expanding the impacts to the
fragile, yet diverse estuarine and coastal region.
The mudﬂow was caused by the failure of the Fundão iron-snunes@yahoo.com.br (F.P. Nunes), sig.leebufmg@gmail.com
joint venture between BHP Billiton and Vale (Fig. 1). To make
matters worse, Samarco has admitted that two more  dams
in the same mining complex where the tragedy struck are at
vac¸a˜o. Published by Elsevier Editora Ltda. This is an open access
enses/by-nc-nd/4.0/).
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Gualaxo do Norte River Fundão Dam Location















































Ahreat to collapse, as they present levels of stability of only 37%
nd 22%, while Brazilian standards recommend above 50% (O
lobo, 2015). This is at least the seventh tragedy resulting from
he failure of tailings dams in Minas Gerais in less than 30
ears. Actually, forty-two out of the 735 dams in operation in
he State have no guarantee of stability (FEAM, 2014).
onﬂicts  between  mining  and  ecosystem
ervices  and  goods
ining involves important trade-offs between industry
nd ecosystem services/biodiversity conservation, because
t converts multifunctional landscapes, that provide a
yriad of ecosystem services, into monofunctional, mineral-
rovisioning landscapes (Neves et al., 2016). Some of the most
ffected ecosystem services by mining are those related to
reshwater, such as water provisioning for agriculture, house-
olds and to support traditional livelihoods, water ﬁltration,
roundwater recharge, control of erosion and ﬂood, and cul-
ural services (Carpenter et al., 2009; McIntyre et al., 2014). The
elivery of these services are generally compromised by direct
ater consumption by mining and pipelines, pollution of sur-ace/groundwater, decrease of groundwater level and ﬂow, and
ccasionally by environmental disasters such as the breaking
f tailing dams and pipelines (Li et al., 2011; Neves et al., 2016).
lso, mining deeply alters landscapes and destroys landmarkswith geographical, historical or identity value, compromising
the delivery of cultural services such as tourism, recreation
and existence values (Neves et al., 2016). Notwithstanding the
private and short-term beneﬁts, the damage to ecosystems by
mining has been harmful to society. In a simple cost-beneﬁt
analysis the disadvantages of such landscape conversion is
not crystal-clear, as the cost of lost ecosystem services is not
internalized, private/short term gain is prioritized over pub-
lic/long term needs, and the cost-beneﬁt ratio is distorted by
tax or governmental incentives (MEA, 2005). Research on the
valuation of ecosystem services has been trying to make the
positive externalities offered by natural ecosystems visible by
assigning them a monetary value (TEEB, 2010). However, these
values were not assessed in determining the environmental
ﬁnes for the disaster of Mariana and Rio Doce. The federal and
State environmental authorities (IBAMA and SEMAD) imposed
the maximum ﬁnes allowed by Brazilian law, while the Federal
and Minas Gerais Public Prosecution Service made an extra-
judicial agreement with Samarco regarding the recovery of
damages. Obviously, the total amount of these ﬁnes, US$349.2
million (current dollar exchange rate of US$1 = R$3.90), does
not equate with the value of ecosystem services and biodi-
versity lost, and is not even sufﬁcient to recover the degraded
area of the Rio Doce. For a comparison, the oil company BP
was charged more  than US$40 billion in ﬁnes and other pay-
ments for causing a massive oil spill in the Gulf of Mexico off
the coast of the United States in 2010 (Wikipedia, 2016).
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Recommendations
Given the current scenario, exacerbated by recent events, we
propose eight measures to balance the trade-offs between
mining and environmental preservation.
1. Investment in more  rigorous licensing and permitting by
government agencies. To accomplish this measure, envi-
ronmental agencies need to increase their budget, staff,
training and testing of the qualiﬁcation of personnel. In
addition, stricter criteria should be adopted for the licens-
ing of mining enterprises. For example, the most popular
design worldwide for enlarging the capacity to store tailings
is upstream raised embankment. It is also the most com-
monly failing design, causing huge environmental damage
all over the world (ICOLD & UNEP, 2001), including the
Samarco dam in Mariana. In 2013, Samarco had its operat-
ing license for Fundão dam renewed by the environmental
agencies, despite opposition of the Minas Gerais Public
Prosecution Service based on a technical report. Despite
such recommendation, only a few days after the disaster
in Mariana, the project law PL 2946/2015 were approved by
the Legislative Assembly of Minas Gerais and PL 654/2015 is
ready for Brazilian Senate decision, under the justiﬁcation
of accelerating the licensing process for ventures. Actually,
both proposals do not act on the real causes of inefﬁciency,
but recklessly limit the participation of civil society in the
licensing process (local communities, non-governmental
organizations, the Public Prosecution Service, etc.).
2. Protection of reference ecosystems that are rich in miner-
als, as many  of them are also extremely biodiversity-rich
(as is the case with the Brazilian rupestrian grasslands in
the Espinhac¸o Mountain Range; Neves et al., 2016). Cur-
rent Brazilian law requires companies to create of protected
areas in the same river basin as compensation for envi-
ronmental damages, but it does not require protection
of the same ecosystems as those affected by their enter-
prises. The result has been the poor representation of
ironstone rupestrian grasslands among the national network
of protected areas, since they are the most mineral rich
ecosystem (Jacobi and Carmo, 2008). Also, mining com-
panies must invest heavily in the development of the
knowledge, methods and techniques needed to restore
landscapes and degraded rivers adjacent to mining areas.
3. Investment in economic activities that use the multi-
functionality of landscapes, taking advantage of the many
ecosystem services available, and granting society as a
whole their right to proﬁt from their long-term preserva-
tion. This strategy has the potential to reduce the cost
of water puriﬁcation, and the avoidance of environmental
disasters, such as landslides, by maintaining native vegeta-
tion, among other beneﬁts. This could also generate proﬁt
through tourism, provision of raw materials or on the car-
bon market, just to cite a few examples.
4. Use of ex-ante planning for territory management. Prior
to undertaking large ventures such as mining, local and
regional planning should be undertaken in an attempt
to anticipate impacts and interventions in the territory
including the integration of relevant players, in order to ã o 1 4 (2 0 1 6) 24–27
create positive synergies between mining and social, eco-
nomical, cultural and environmental sectors. This strategy
could contribute to the correction of power asymmetries
among agents, guarantee the rights of vulnerable social
groups (such as indigenous, traditional or local communi-
ties), deﬁne a network of public and private protected areas,
and facilitate urban planning for the receipt of imigrants
(Barbieri et al., 2014).
5. Internalize environmental services in cost-beneﬁt analysis
of enterprises, and incorporate the cost of their loss in the
calculation of ﬁnes, using environmental valuation tech-
niques. To attain such recommendation, the government
could foster the valuation and monitoring of ecosystem
services lost by mining operation countrywide. Some tools
that could speed up the process are the availability of
databases, the establishment of protocols and the setting
of local and regional reference values.
6. Improve the tax rate on mining products. Mining com-
panies ﬁnancially compensate the government for the
extraction of natural resources by means of “mining royal-
ties”. In Brazil, the correspondent tax (“Compensation for
the Exploitation of Mineral Resources”, CFEM) is indexed ad
valorem, i.e. on net invoicing obtained from product sales,
and corresponds to only 2.0% for iron (IBRAM, 2012). Such
amount is smaller than in countries such as South Africa
(0.5–7.0%; PWC, 2012) and Bolivarian Republic of Venezuela
(3%; Otto et al., 2006), especially when one considers that
the exploitation of iron in Brazil is much cheaper (Santos,
2012). To establish the proper compensation for the con-
version and degradation of ecosystems, a more  realistic
counterpart value for the exploitation of mineral goods in
Brazil should be deﬁned. The Regulatory Framework for
Mining, a project law (PL 5.807/2013) that is under dis-
cussion in the Brazilian Congress, proposes, among other
changes, an amendment changing how CFEM is calculated,
increasing the maximum rate from 3% to 4%.
7. Invest mining royalties in the preservation of nature. Pro-
tected areas receive inadequate ﬁnancial beneﬁts from the
mining industry for their use of land and water, as there are
no mandatory criteria for the investment of mining roy-
alties into the conservation of nature in Brazil. It would
be beneﬁcial for municipalities to team up with the min-
ing sector and invest the royalties into promoting ‘green
municipalities’ and to cover the cost of maintaining and
restoring damaged ecosystems (Domingues et al., 2012).
8. Diversify production matrixes based on commodities.
The Brazilian economy is mainly focused in the primary
industry. For example, in October 2015, Brazil exported
341.5 million tons of iron ore at US$ 33.2/ton and only 7.09
million tons of semi-manufactured iron and steel priced at
US$ 309.3/ton (MDIC, 2015). The trade balance of the sectors
with steel as the main raw material (vehicles, machinery,
equipment, etc.) is deﬁcient. The country would greatly
beneﬁt from investing in innovation and technology so that
goods with higher added value could be exported, instead
of prioritizing commodities.Beyond such recommendations, a path toward long-term
sustainable socio-economic and environmental development
requires a critical analysis of the hegemonic model of
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evelopment through unlimited economic growth, followed
y a deep shift in paradigms (Daly and Farley, 2004). Such
 change implies, for example, reducing society’s consump-
ion levels. While society still resists that alternative, we must
ake urgent measures to contribute to the reduction of min-
ng impacts or, at least, to better compensate society and the
nvironment for mineral exploitation.
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